Abstract: Standard roadside vegetated swales often do not provide consistent pollutant removal. To increase infiltration and pollutant removal, bioswales are designed with an underlying soil media and an underdrain. However, there are little data on the ability of these stormwater control measures (SCMs) to reduce pollutant concentrations. A bioswale treating road runoff was monitored, with volume-proportional, composite stormwater runoff samples taken for the inlet, overflow, and underdrain outflow. Samples were tested for total suspended solids (TSS), total volatile suspended solids (VSS), enterococcus, E. coli, and turbidity. Underdrain flow was significantly cleaner than untreated road runoff for all monitored pollutants. As expected, the water quality of overflow was not significantly improved, since little to no interaction with soils occurred for this portion of the water balance. However, overflow bacteria concentrations were similar to those from the underdrain perhaps due to a first flush of bacteria which was treated by the soil media. For all sampling locations, enterococci concentrations were always higher than the USEPA geometric mean recommendation of 35 Most Probable Number (MPN)/100 mL, but there were events where the fecal coliform concentrations was below the USEPA's 200 MPN/100 mL limit. A reduction in TSS concentration was seen for both overflow and underdrain flow, and only the underdrain effluent concentrations were below the North Carolina's high quality water limit of 20 mg/L. Comparing results herein to standard swales, the bioswale has the potential to provide greater treatment and become a popular tool.
Introduction
Urbanization is a global trend, with 54% of the total population living in urban areas in 2014 and expected to reach 66% by 2050 [1] . Urbanization negatively impacts the environment, notably water quality, due to an increase in impervious cover [2] [3] [4] [5] [6] . Urban runoff contains pollutants including suspended solids, heavy metals, nutrients, and pathogens [7] [8] [9] . Pathogens have been reported as one of the leading causes for impaired surface waters placed by the United States Environmental Protection Agency (USEPA) [10] . Elevated bacteria levels can lead to economic losses in recreation waters, increased drinking water treatment costs, and potential health concerns [11] . 
Materials and Methods

Lumber River Basin and Lockwoods Folly River Description
The study site was located in Bolivia, North Carolina (NC) in Brunswick County (34 • 0 16.2972" N, 78 • 15 38 .7792" W) and drains into the Lockwoods Folly River, which is located in the Lumber River Basin. Pathogens, nutrients, and sediment loads were all problems in this watershed [54] . High levels of fecal coliform bacteria have caused the Lockwoods Folly River to be included in the USEPA's 303(d) list of impaired waters and have resulted in its closure to shellfishing [55] . The stressors of urbanization are expected to exacerbate these problems as Brunswick County, NC, is the 31st fastest growing county in the United States during 2010-2016 [56] .
Brunswick County Bioswale
Watershed Characteristics
To treat road runoff, a bioswale was installed in the right-of-way on NC 211, approximately 1.6 km east of its intersection with US17. NC 211 is a two-lane state highway with an asphalt wearing course which was in good condition during the study period. The drainage area was 0.74 hectares, 44% of which was directly connected impervious area. Pervious areas were the existing grassed shoulders, in good condition and on a 4:1 horizontal distance:vertical distance (H:V) slope with highly transmissive, sandy soils. Diffuse stormwater runoff from the northern lane of the two-lane road discharged directly onto the grass shoulder, which acts as a vegetated filter strip, allowing for initial settling of sediment and particulate-borne contaminants and for some infiltration. A portion of this channel was removed to install the forebay and bioswale. The concrete-lined channel first drained into a forebay (Figure 1 ), which served to dissipate energy and prevent erosion in the bioswale. The bioswale commenced immediately downslope of the forebay.
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Watershed Characteristics
To treat road runoff, a bioswale was installed in the right-of-way on NC 211, approximately 1.6 km east of its intersection with US17. NC 211 is a two-lane state highway with an asphalt wearing course which was in good condition during the study period. The drainage area was 0.74 hectares, 44% of which was directly connected impervious area. Pervious areas were the existing grassed shoulders, in good condition and on a 4:1 horizontal distance:vertical distance (H:V) slope with highly transmissive, sandy soils. Diffuse stormwater runoff from the northern lane of the two-lane road discharged directly onto the grass shoulder, which acts as a vegetated filter strip, allowing for initial settling of sediment and particulate-borne contaminants and for some infiltration. A portion of this channel was removed to install the forebay and bioswale. The concrete-lined channel first drained into a forebay (Figure 1 ), which served to dissipate energy and prevent erosion in the bioswale. The bioswale commenced immediately downslope of the forebay. 
Bioswale Design
The forebay is 2.7 m wide by 10.7 m long. The initial 6.1 m was a triangular channel on a 3% slope. The plunge pool consisted of the latter 4.6 m of the forebay and has a depth of approximately 0.15 m. The slope into and out of the pool was 6:1 (H:V). The entire forebay was lined with class A rip-rap (50 to 150 mm diameter stone [57] ) to a depth of 0.2 m. The high flow media (Table 1) , approximately 0.9 m deep, began 1.8 m past the start of the rip-rap lined channel and continued under the forebay to ensure that the system completely drained inter-event. To create the bioswale, a trench with a width of 1.2 m, depth of 0.8 m, and length of 30.5 m was excavated, starting at the end of the plunge pool. Once excavated, the entire trench, including under the rip-rap channel and plunge pool, was lined with a high flow fabric prior to being backfilled. This fabric ensured the high flow media remained within the system, but allowed water that passed through the media to infiltrate into the underlying soil. The first 11 m, starting at the end of the plunge pool, was completely (all 0.9 m) filled with only the high flow media.
After the first 11 m, a perforated underdrain was installed. The trapezoidal base of the ditch was filled with a 5 cm layer of ASTM standard #57 stone (2.36 to 37.5 mm stone size [58]), serving as internal water storage (IWS), which has been shown to substantially improve runoff reduction within bioretention cells by promoting inter-event exfiltration [59, 60] . Then, 18 m of perforated high-density polyethylene pipe (HDPE) pipe (0.2 m diameter) (Advanced Drainage Systems, Inc., Raleigh, NC, USA) was placed over the stone layer, creating an IWS zone of 5 cm. The pipe was covered with 5 cm ASTM #57 stone. Next, a pea gravel layer was placed on top of the ASTM #57 stone. Finally, a fiberglass mesh screen was placed around the pea gravel ( Figure 2 ). These 'choking' layers of gravel and media limited soil media movement to the underdrain. The remaining trench volume was filled with the high flow media and covered with a thin-cut warm-season sod. The resulting bioswale consisted of a triangular channel with 4:1 H:V side slopes and a total length of 42 m. A longitudinal cross-section of the full bioswale system can be seen in Figure 3 , with design characteristics in Table 2 . The bioswale underdrain and surface flow discharged into the existing outlet structure ( Figure  4 ). The first chamber housed the monitoring equipment for the underdrain; surface flow was prevented from mixing with underdrainage. Bioswale overflow was monitored in the downstream chamber. The outlet structure was elevated 15 cm above the swale, resulting in up to 67% of the bioswale surface area being inundated during a storm. The maximum cumulative storage within the The bioswale underdrain and surface flow discharged into the existing outlet structure ( Figure  4 ). The first chamber housed the monitoring equipment for the underdrain; surface flow was prevented from mixing with underdrainage. Bioswale overflow was monitored in the downstream chamber. The outlet structure was elevated 15 cm above the swale, resulting in up to 67% of the bioswale surface area being inundated during a storm. The maximum cumulative storage within the The bioswale underdrain and surface flow discharged into the existing outlet structure ( Figure 4 ). The first chamber housed the monitoring equipment for the underdrain; surface flow was prevented from mixing with underdrainage. Bioswale overflow was monitored in the downstream chamber. The outlet structure was elevated 15 cm above the swale, resulting in up to 67% of the bioswale surface area being inundated during a storm. The maximum cumulative storage within the bioswale at the brink of overflow was 36.9 m 3 , 14.2 m 3 of surface storage and 22.7 m 3 of soil void space. 
Climatic and Water Quality Data Collection
As stormwater entered the bioswale (rip-rap), a wooden board was used to pool water for sample aliquot collection. Inlet aliquots were collected using a Teledyne ISCO 6712 (Lincoln, NE, USA) automated sampler. Sampling was triggered by two nearby rain gauges, the first enabled the sampler after 2.54 mm of rainfall had occurred, while the second triggered the sampler to obtain 200 mL aliquots after each additional 1 mm of rainfall. Thus, the maximum rainfall depth which could be sampled was 52 mm. However, the 1-mm trigger was increased in anticipation of several larger storm events, and the actual maximum rainfall depth for a sampled storm event was 92 mm Since rainfall depth is considered a good predictor of runoff volume in urbanized watersheds, these samples were considered flow-proportional [61] .
At the underdrain and overflow monitoring points in the outlet structure, purpose-built weirs were installed to measure discharge with time. Each weir had an ISCO 6712 automated sampler with a 730 bubbler module, which measured flow depth over the weir plate ( Figure 5 ). The sampler converted the flow depth to a corresponding flow rate using the following equations.
The equation for the 60° underdrain weir is as follows:
where Q is the flow rate in L s −1 and H is the flow depth in m. The equation for the 90° overflow weir is as follows:
where Q is the flow rate in L s −1 and H is the flow depth in m. Flow rate data at these two monitoring points were integrated with time to determine runoff volume passing each weir on 2-min intervals Equation (3). Automated samplers then obtained volume-proportional 200 mL aliquots on pre-programmed intervals (e.g., every 500 L) throughout the hydrograph. The sample tubing was installed behind the weir plate to ensure samples were collected before overflowing the weir.
where V is the corresponding volume in L, Q is the corresponding flow rate in L s −1 , and t is the time step of 120 s (2 min) sampling interval. 
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The rainfall depth in the on-site manual rain gauge was checked during each sampling mission to compare against the tipping bucket rain gauge data. Rainfall and water quality data were collected over a 1-year period (25 February 2014 through 26 February 2015).
Stormwater runoff samples were obtained from the ISCO samplers within 24 h of the cessation of rainfall. The 10 L composite sample bottles were shaken vigorously to re-suspend sediment and sub-sampled into laboratory containers for transit. The remaining sample volume in the composite sample jar was discarded and the bottle washed with deionized water and replaced within the ISCO sampler for the next storm event. Samples were placed on ice immediately after sub-sampling and chilled to less than 4 • C for transit to the Environmental Quality Laboratory at Coastal Carolina University. All samples were measured for conductivity, turbidity, total suspended solids (TSS), volatile suspended solids (VSS), enterococci (Ent), and fecal coliform (FC) using Standard Methods [62] [63] [64] [65] [66] except enterococci [67] Lab duplicates and field duplicates were analyzed for all water quality parameters (TSS, turbidity, VSS, fecal coliform, and enterococci) for the inlet sample, because this was the location with the largest collected sample volume. All duplicates were within 20% relative percent difference.
Statistical Analysis
The water quality data were statistically analyzed to compare paired influent and effluent water quality for five parameters: TSS, turbidity, VSS, fecal coliform, and enterococci. Each data set was tested for normality using the Anderson-Darling procedure using α = 0.05. For all water quality parameters, at least one data set (either inlet, underdrain, or overflow) was not normally distributed and was unable to be transformed using log or squared transformations. Kendall's tau non-parametric rank correlation, therefore, determined statistically significant correlations between pollutants. Tests were also run to determine any correlations between runoff flow concentrations (inflow, underdrain, and overflow) and rainfall characteristics (rainfall depth and antecedent dry period). To assess the effects of treatment, or lack thereof, in the filter media, statistical comparisons, using Wilcoxon Signed Rank Test, were made between the inlet and underdrain and inlet and overflow data sets. A criterion of 95% confidence (α = 0.05) was used for all tests. Statistical analyses were performed using the R software (v. 3.4.3) (R Core Team, Vienna, Austria) [68] .
Concentration reductions (CR) were calculated Equation (4) for each pollutant and outlet monitoring point using USEPA's efficiency ratio [69] :
The geometric mean was used for enterococci and fecal coliform; the arithmetic mean was used for TSS, VSS, and turbidity.
Probability plots for enterococci and fecal coliform were created to evaluate the bioswale across all influent and outflow concentrations. The probability was calculated using Equation (5):
where P is the probability of an observation, i is the rank of the observation, and n is the number of observations in the data set [70] .
Results and Discussion
Storm Event Characteristics
A total of 15 storm events were sampled for water quality. These storms ranged in rainfall depth from 13.2 to 91.7 mm (mean 38.1 mm), with an antecedent dry period (ADP) from 0.35 to 7.8 days (mean 4.92 days) ( Table 3) . Sampled storm events were collected throughout the year, with 3-4 events captured in each season. However, not all events had enough runoff volume, overflow in particular, to be analyzed for all contaminants (Table 3) . 
Impact on Pathogen Indicator Species and Sediment Removal
Non-parametric statistical tests between the runoff concentrations at all monitoring points and the storm characteristics of rainfall depth and antecedent dry period found only two significant correlations (a = 0.05). The positive correlations were between rainfall depth and underdrain VSS concentration (p = 0.043) and rainfall depth and overflow fecal coliform concentration (p = 0.012). These results highlight the complexity of basing the bioswale's performance on the storm characteristics of rainfall depth and antecedent dry period.
Outflow concentrations for all five pollutants examined were lower, but statistically significant reductions were only observed when comparing underdrain to influent concentrations (Table 4) . A principal pollutant removal mechanism of a bioswale is filtration [71, 72] , which explains why TSS and VSS concentrations from underdrains were very low (4.2 and 1.6 mg/L, respectively). There was less impact observed in overflow since it does not undergo filtration through the media. However, the bioswale's forebay and vegetation aids in reducing the runoff velocity, allowing for sedimentation [35, 73] , thus (non-significantly) reducing TSS concentrations in overflow to 32 mg/L compared to 35 mg/L influent. Overflow results herein can be compared to those of other 'standard' swales and were similar, which ranged from 8-70 mg/L TSS [32, 35, 73, 74] . The bioswale reduced fecal coliform concentrations to values less than the U.S. EPA water quality limit of 200 Most Probable Number (MPN)/100 mL [75] , but was unable to meet the enterococci swimming limit of 35 MPN/100 mL [11] (Table 5 ). However, influent concentrations were 100-fold higher than the federal standards for enterococci and only 1.5 times higher for fecal coliform. Both inflow and outflow also met state standards for turbidity (50 Nephelometric Turbidity Units (NTU)). Underdrain TSS concentrations (mean 4 mg/L) were less than typical water quality standards (20 mg/L), but those of overflow (32 mg/L) were not. The largest concentration reductions were observed for underdrain TSS (88%) and VSS (87%) because these pollutants were presumably filtered by the fill media (Table 5 ). Sediment trapping efficiencies were similar to those for bioretention [47] and Austin sand filters [76] . Reductions from inflow to (non-filtered) overflow for these two pollutants were much lower (10% for TSS and 21% for VSS), suggesting water exceeding a bioswale's capacity for filtration will receive little treatment. Results associated with turbidity were similar albeit influent turbidity was already quite low (23 NTUs); a more noticeable reduction in turbidity was associated with filtered underdrain discharges. Both fecal coliform and enterococci reductions were substantial (>50%) for both underdrain and overflow monitoring points. However, only underdrain effluent was significantly improved compared to influent, perhaps due to the small sample size (n = 5) for the overflow monitoring point. Figure 6 illustrates that for all storms sampled and at all sampling locations, concentrations of enterococci exceeded the water quality standard of 35 MPN/100 mL. However, approximately 33% of inflow concentrations, 67% of overflow concentrations, and 73% of underdrain concentrations were less than the 200 MPN/100 mL water quality standard for fecal coliform (Figure 7 ). Up to 1-log difference in fecal coliform at the inlet compared to the underdrain and overflow was observed, supporting the significant treatment of fecal coliform within the bioswale. One interesting finding is that for both enterococci and fecal coliform, the distributions of underdrain and overflow concentrations were quite similar (Figures 6 and 7) . One plausible explanation is that bacteria in this study were mobilized primarily during the first flush [77] . Overflow occurs only after the rainfall exceeds the bioswale's soil and surface storage capacity. When overflow begins, a substantial portion of the bacteria may thus have already been settled and/or filtered out by the soil media (i.e., cleaner inflow at the time overflow begins). While overflow is not treated to the same extent as underdrain flow, lower bacterial concentrations in stormwater runoff after the 'dirtiest' water has been mobilized from the watershed may have resulted in similar distributions of underdrain and overflow FIB concentrations.
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Results demonstrate the complexities associated with (1) understanding bioswale treatment and (2) determining whether an SCM, including a bioswale, is a 'good' practice for FIB treatment. While no previously peer-reviewed studies have reported how a bioswale impacts pollutants, many studies have evaluated the effectiveness of other filtration-based SCMs, in particular bioretention. Taken cumulatively, studies illustrate a wide range of concentration "reductions" for enterococci, fecal coliform, and TSS for various SCMs (Table 6 ). The bioswale concentrations herein (particularly those of the filtered effluent from the underdrain) were in the range of or modestly higher than those of other SCMs. Thus, bioswales appear capable of achieving similar results to that of other more commonly-employed SCMs, such as bioretention. Results demonstrate the complexities associated with (1) understanding bioswale treatment and (2) determining whether an SCM, including a bioswale, is a 'good' practice for FIB treatment. While no previously peer-reviewed studies have reported how a bioswale impacts pollutants, many studies have evaluated the effectiveness of other filtration-based SCMs, in particular bioretention. Taken cumulatively, studies illustrate a wide range of concentration "reductions" for enterococci, fecal coliform, and TSS for various SCMs (Table 6 ). The bioswale concentrations herein (particularly those of the filtered effluent from the underdrain) were in the range of or modestly higher than those of other SCMs. Thus, bioswales appear capable of achieving similar results to that of other more commonly-employed SCMs, such as bioretention. 
Statistically Significant Correlations
Several significant correlations were found to impact the bioswale's performance (Figure 8 ) (p-value < 0.05 shows significance). The inflow concentration of enterococci and fecal coliform were positively correlated with both TSS and VSS. Thus, if sediment concentrations were high, one would likely observe higher enterococci and fecal coliform concentrations, which is logical since bacteria are often sediment-bound [84, 85] . This potentially provides a framework for choosing locations to retrofit SCMs when targeting bacteria removal in a watershed: by simply measuring TSS or VSS concentrations, which is inherently less expensive and time consuming. Drainage areas that produce relatively higher sediment concentrations would appear to be good candidates for fecal coliform-and enterococcus-reducing SCMs, such as bioswales.
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Summary and Conclusions
Concentrations for the five pollutants examined (turbidity, TSS, VSS, enterococci and fecal coliform) were uniformly lower in underdrain flow than in inflow. Greater than 55% removal was observed for FIB and greater than 85% removal for TSS, suggesting filtration is an effective removal mechanism for these pollutants. Overflow concentrations were similar to those from the underdrain; overflow was not treated to the same extent as drainage, but that overflowed occurred after the first flush, and therefore may have had lower bacterial concentrations. Fecal coliform outflow concentrations often met targets established by the USEPA [11] for recreational waters, but this was never the case for enterococci. A cause might be the markedly higher inflow concentrations measured for the latter indicator species. Turbidity targets were also met for both underdrain flow and overflow, but only underdrain outflow achieved TSS thresholds [75] .
Synthesizing the results of this bioswale and comparing them to other SCMs indicates that the practice might be a popular tool. Bioswales fits within existing rights-of-way and water that infiltrates the media was measured to be cleaner than that of surface flow for common pollutants. This case study suggests that bioswales function should be more closely examined as a function of the ratio of watershed size to bioswale length, the impact of slope, drainage area properties, soil media type, etc. This will allow for design standards for bioswales to be crafted. 
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